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Abstract: A red-green-blue camera-based imaging method is proposed for estimating spatial 
maps of concentrations of oxyhemoglobin (CHbO), deoxyhemoglobin (CHbR), total hemoglobin 
(CHbT), tissue oxygen saturation (StO2), and scattering power (b) in liver tissue. Hemodynamic 
responses to hepatic ischemia-reperfusion of in vivo rat liver tissues induced by portal triad 
occlusion were evaluated. Upon portal triad occlusion, this method yielded images of 
decreased CHbO, CHbT, StO2, and b, and increased CHbR followed by a progressive increase in 
CHbO and StO2 during reperfusion. Time courses of the changes in CHbO, CHbR, CHbT, and StO2 
over different regions of interest (ROIs) revealed that ischemia results in an abrupt significant 
(P<0.05) reduction in CHbO, CHbT, and StO2 with a simultaneous increase in CHbR compared to 
the baseline level, indicative of the hemodynamic responses during hepatic ischemia-
reperfusion. Upon reperfusion, there was a gradual increase in CHbO and StO2, and decrease in 
CHbR. The change in average scattering power b implies the presence of morphological 
alterations in the cellular and subcellular structures induced by ischemia or anoxia. This study 
shows the potential of monitoring spatiotemporal changes in hemodynamic parameters and 
morphological changes in studies of hepatic pathophysiology. 
©2017 Optical Society of America 
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1. Introduction 

Ischemia and subsequent reperfusion of liver tissue may occur in a number of clinical 
settings, such as those associated with low-flow states, or temporary occlusion of the 
supplying blood vessels during liver transplantation, and to a large extent in liver resection 
surgery. Hepatic ischemia-reperfusion is characterized by circulatory derangement, including 
decreases in sinusoidal diameters and blood flow, increases in the heterogeneity of hepatic 
microvascular perfusion, and even total cessation of blood flow within individual sinusoids 
[1]. Therefore, ischemia-reperfusion damage to donor liver tissue is thought to be a vital 
component that may play a role in the decline of posttransplant graft function and ultimately 
rejection. In liver transplantation, normothermic ischemia-reperfusion causes up to 10% of 
early graft rejections [2]. Hepatocellular damage caused by ischemia-reperfusion correlates 
with the extent of microcirculatory reperfusion failure after portal-triad cross-clamping [3]. 
For liver transplantation, the hepatic pedicle is temporarily clamped (Pringle maneuver) [4] to 
restrict blood inflow and to reduce intraoperative blood loss, which results in deprivation of 
tissue oxygen and depletion of energy production, thereby shifting cellular metabolism to 
anaerobic pathways. The resulting hepatic ischemia, along with subsequent reperfusion, 
causes ischemia-reperfusion injury and structural changes in hepatic tissue of varying extents, 
which will also alter the scattering properties of light. 

The spectra of reduced scattering coefficient μs
’(λ) in biological soft tissues follow a 

power law function [5,6] that can be approximated in the following form: 

 ' ( ) ,b
s aμ λ λ −=  (1) 

where a is the scattering amplitude and b is the scattering power, which are related to 
geometrical properties such as scatterer density [7] and size [8], respectively. It has been 
reported that a decrease or an increase in scattering power b produces an increase or decrease 
in scatterer size, respectively [8]. The reduced scattering coefficient spectrum μs

’(λ) of 
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biological tissues is considered to be the product of the combination of μs
’(λ) for cellular and 

subcellular structures of different sizes [9]. The changes in scattering during ischemia are 
thought to originate from ischemia-induced changes in cellular and subcellular structures, 
whereas post-anoxia alterations indicate hepatocyte vacuolation [10–12]. Thus, it is important 
to measure the b to evaluate morphological changes in liver tissue resulting from ischemia, 
reperfusion and anoxia. Estimates of b can be used to evaluate the sizes of scatterers in liver 
tissue. 

Hepatic ischemia-reperfusion results in a cascade of events leading to a number of cellular 
changes that evolve over time and space. Monitoring the spatio-temporal characteristics of 
changes in hemoglobin concentrations and tissue oxygen saturation is crucial for studying the 
pathophysiologic condition of liver tissue. Moreover, measurement of hepatic tissue 
oxygenation has been shown to correlate significantly with the microcirculatory derangement 
and hepatic dysfunction induced by ischemia-reperfusion. Reestablishment of blood flow to 
the liver tissue represents a vital requirement for recovery of cellular and organ function, 
which typically aggravates ischemia-induced tissue damage. Moreover, during reperfusion an 
additional insult is added to damage sustained during ischemia [13]. 

Several studies have reported that post-ischemic reperfusion is associated with inadequate 
energy supply, and a subsequent reduction of hepatic tissue oxygen saturation [3], impairment 
of mitochondrial adenosine triphosphate (ATP) regeneration [14], along with incomplete 
recovery of hepatocellular excretory function [15]. Hypoxic or ischemic damage to the 
hepatic sinusoidal endothelium is generally considered to be the first pathological change in 
the cascade of events resulting in ischemia-reperfusion injury during the manifestation of 
graft dysfunction [16]. Ischemia-reperfusion injury is closely related to an increase in the 
incidence of rapid decreases in tissue oxygen saturation StO2, reduction of heme aa3 in 
cytochrome c oxidase indicating mitochondrial dysfunction, and hepatocellular injury such as 
apoptosis, necrosis, and cell death [17]. On reentry of blood into the organ during reperfusion, 
there is an overproduction of toxic oxygen radicals followed by endothelial cell damage, 
causing disturbances in the microcirculation of liver tissue that lead to alterations in hepatic 
tissue oxygenation [3]. 

However, minimizing the detrimental effects of ischemia-reperfusion injury could 
increase the number of patients that successfully undergo transplantation. Maintenance of 
adequate hepatic blood flow and sufficient hepatic oxygenation is one of the most important 
factors in hepatic surgical success. As liver function depends greatly on hemodynamics and 
viability of liver tissue, measurements of concentrations of oxyhemoglobin (CHbO), 
deoxyhemoglobin (CHbR), total hemoglobin (CHbT), and tissue oxygen saturation (StO2) in 
hepatic tissue have been shown to correlate significantly with microcirculatory liver failure 
induced by ischemia-reperfusion injury [18]. One of the principal causes of hepatic ischemia-
reperfusion injury is a biphasic phenomenon whereby cellular damage due to hypoxia and 
loss of biochemical stimulus is accentuated upon restoration of oxygen delivery and shear 
stress. Therefore, it is important to measure the hemodynamic response to ischemia-
reperfusion such as changes in CHbO, CHbR, CHbT, and StO2. 

Laser speckle contrast imaging (LSCI) and intravital auto-fluorescence imaging have been 
used to monitor hepatic ischemia-reperfusion processes. LSCI has been used to assess the 
microvascular blood flow changes during hepatic ischemia-reperfusion [19,20]. A multi-
photon microscopy with fluorescence lifetime imaging has been investigated to visualize and 
quantify the cellular morphology and microenvironment during hepatic ischemia-reperfusion 
[21]. A label-free imaging method that combines wide-field fluorescence microscopy and 
LSCI has been investigated to assess microvascular features of liver fibrosis induced by bile-
duct ligation [22]. An intravital imaging technique with auto-fluorescence of mitochondrial 
flavins has been proposed to evaluate the pathophysiology of liver during ischemia-
reperfusion [23]. 
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In our previous studies we used reflectance fiber probe based diffuse reflectance 
spectroscopy (DRS) to evaluate the optical properties (such as reduced scattering coefficient 
(μs

’), absorption coefficient (μa), StO2 and the oxidation of heme aa3 in CcO) of in vivo liver 
tissue during ischemia and reperfusion evoked by portal triad occlusion [12,24]. The 
reflectance fiber probe-based spectroscopic technique provides spatially averaged information 
of the optical properties of biological tissues obtained from the measurement point. Optical 
imaging with a digital red-green-blue (RGB) color camera is a useful tool for extending DRS 
to spatial mapping of chromophore concentrations as well as StO2 of in vivo biological 
tissues. Diffuse reflectance spectrum of in vivo liver reveals the optical absorption spectra of 
chromophores, such as oxyhemoglobin, deoxyhemoglobin and cytochrome c oxidase, which 
depends on the chromophore concentrations in hepatic tissue. Since hemoglobin is the 
predominant absorber in liver tissue, the severity of liver ischemia-reperfusion can be reliably 
assessed by measuring changes in CHbO, CHbR, CHbT, and StO2. Accordingly, we hypothesized 
that ischemia-reperfusion driven changes in chromophore concentrations and tissue oxygen 
saturation are associated with spatial inhomogeneity in the perfusion of liver lobules that 
ultimately alters the hemodynamics in liver tissue. The present study was performed to assess 
this hypothesis through spatial mappings of CHbO, CHbR, CHbT, StO2, and b using an RGB 
imaging system. The ability of RGB color imaging to assess the hemodynamic responses and 
tissue morphology following hepatic ischemia-reperfusion would provide important 
diagnostic information to the extent of ischemia-reperfusion injury resulting from liver 
transplantation or resection surgery. 

The technique of diffuse reflectance imaging introduced by Nishidate et al. [25–27] can 
provide insight into alterations in rat liver hemodynamics and tissue morphology resulting 
from hepatic ischemia-reperfusion. Imaging with a digital RGB camera is a widely used 
technique for the non-invasive characterization of biological tissues where contrast is 
obtained from the absorption of light by hemoglobin in blood. This can be achieved using a 
digital RGB color camera and a white light source, which is very simple to implement [25, 
26]. Moreover, application of this technique is straightforward in specific clinical settings and 
can be implemented with relatively inexpensive instrumentation. Therefore, a simple method 
that provides sequential spatially resolved images of CHbO, CHbR, CHbT, StO2, and b would aid 
in experimental studies of hepatic hemodynamics and tissue morphology involving ischemia-
reperfusion. The RGB imaging technique has been used to image hemodynamics indices of 
CHbO, CHbR, CHbT, and StO2 for in vivo human skin [25]. In this article, this approach is 
modified and extended to imaging for both hemodynamics and the light scattering property of 
in vivo exposed liver tissues during pathophysiologic events, such as hepatic inflow occlusion 
and subsequent reperfusion. Therefore, we propose a method to visualize the spatial maps of 
CHbO, CHbR, CHbT, StO2, and b in the liver tissue using a digital RGB image. 

2. Principle 

The responses of RGB channels (IR, IG, and IB) in each pixel of the liver tissue color image 
acquired by a digital RGB camera can be expressed as 

 
R

G

B

,

I X

I Y

ZI

   
   =   
     

1L  (2) 

where L1 is a transposition matrix to convert the tristimulus values in the Commission 
Internationale de l’ Éclairage XYZ (CIEXYZ) color system X, Y, and Z to corresponding 
responses of IR, IG, and IB, and [ ]T⋅ ⋅ ⋅  represents transposition of a vector. The tristimulus 

values X, Y, and Z in the above equation are defined as 

 ( ) ( ) ( ),X xκ λ λ λ= Ε Θ  (3) 
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 ( ) ( ) ( ),Y yκ λ λ λ= Ε Θ  (4) 

 ( ) ( ) ( ),Z zκ λ λ λ= Ε Θ  (5) 

where λ, E(λ), and Θ(λ) are the wavelengths, the spectral distribution of the illuminant, and 
the diffuse reflectance spectrum of liver tissue, respectively, whereas ( )x λ , ( )y λ , and ( )z λ  

are color matching functions in the CIEXYZ color system. The values of constant κ that result 
in Y being equal to 100 for the perfect diffuser is given by 

 
100

.
( ) ( )y

κ
λ λ

=
Ε

 (6) 

In Eqs. (3)-(5), the summation can be carried out using data at 10 nm intervals, from 400 to 
700 nm. Assuming a single layered liver tissue contains oxyhemoglobin and 
deoxyhemoglobin, the diffuse reflectance of liver tissue Θ can be expressed as 

 d
,HbO ,HbR0

i

( , ) exp[ ( ) ] ,s a a

I
P l l dl

I
μ μ μ

∞ ′Θ = = − +  (7) 

where Id and Ii are the detected and incident light intensities respectively, P(μs’, l) is the path 
length probability function that depends on the scattering properties as well as on the 
geometry of the measurements, μs’, μa, and l are the scattering coefficient, absorption 
coefficient, and the photon path length, respectively. In addition, the subscripts HbO and HbR 
indicate the oxygenated hemoglobin and deoxygenated hemoglobin, respectively. The 
absorption coefficient μa of each chromophore can be expressed as the product of its 
concentration C and the extinction coefficient ε, and can be defined as 

 .a Cμ ε= ×  (8) 

Therefore, the responses of IR, IG, and IB can be expressed as a function of concentration of 
oxyhemoglobin (CHbO) and deoxyhemoglobin (CHbR). 

Figure 1 shows a flowchart describing the estimation process using the proposed method. 
First, the responses of the RGB channels IR, IG, and IB in each pixel of the image are 
transformed into XYZ-values by a matrix N1 as 

 
R

G

B

.

IX

Y I

Z I

  
   =   
     

1N  (9) 

We determined the matrix N1 based on measurements of a standard color chart (Color 
Checker, X-Rite Incorporated, Michigan, USA) that has 24 color chips and is supplied with 
data giving the CIEXYZ values for each chip under specific illuminations and corresponding 
reflectance spectra. The values of X, Y, and Z are then transformed into CHbO, CHbR, and b by 
matrix N2. It is difficult to determine the matrix N2 based on L1 and Eqs. (3)-(7) because 
P(μs’, l) and l for each layer are usually unknown. We calculated 450 diffuse reflectance 
spectra Θ(λ) in a wavelength range from 400 to 700 nm at intervals of 10 nm by MCS for 
light transport [28] in skin tissue. The simulation model used here consisted of a single layer 
of liver tissue, in which μa(λ) and μs’(λ) are homogeneously distributed. The absorption 
coefficients μa(λ) converted from the concentrations CHbO and CHbR and the reduced scattering 
coefficient μs’(λ) deduced by the scattering amplitude a and the scattering power b were 
provided as inputs to the simulation, whereas the diffuse reflectance spectrum Θ(λ) was 
derived as output. The five different values of 60,258, 90,387, 120,516, 150,645, and 180,774 
cm−1 were calculated by multiplying the typical value [29] of a by 0.5, 0.75, 1.0, 1.25, and 
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1.5, respectively, whereas the five values of 1.24, 1.31, 1.38, 1.45, and 1.52 were calculated 
by multiplying the typical value [29] of b by 0.5, 0.75, 1.0, 1.25, and 1.5, respectively. The 
reduced scattering coefficients μs’(λ) of the liver tissue with the 25 different values were 
derived using Eq. (1). Using Eq. (1). The sum of the absorption coefficients of 
oxyhemoglobin and deoxyhemoglobin μa,HbO (λ) + μa,HbR (λ) = μa,HbT (λ) for CHbT = 5, 10, and 
20% was used as input to the liver tissue in the simulation. The absorption coefficients of 
blood having a 44% hematocrit with 150 g/L of hemoglobin [30] were assumed to be 
equivalent to that of the dermis for the case in which CHbT = 100%. Tissue oxygen saturation 
StO2 was determined by CHbO/CHbT, and values of 0%, 20%, 40%, 60%, 80%, and 100% were 
used for the simulation. The diffuse-reflectance spectra Θ(λ) were simulated under the various 
combinations of CHbO, CHbR, a, and b, and then, used to calculate the XYZ-values based on 
Eqs. (3)-(6): 

 HbO 0 1 2 3 ,C X Y Zα α α α= + + +  (10) 

 HbR 0 1 2 3 ,C X Y Zβ β β β= + + +  (11) 

 0 1 2 3 ,b X Y Zγ γ γ γ= + + +  (12) 

The regression coefficients αi, βi, and γi (i = 0, 1, 2, 3) reflect the contributions of the XYZ-
values to CHbO, CHbR, and b, respectively, and were used as the elements of a 4 × 3 matrix N2 
as 
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Fig. 1. Flowchart of the process for estimating the concentration of oxyhemoglobin CHbO, 
deoxyhemoglobin CHbR, total hemoglobin CHbT, tissue oxygen saturation, StO2, and scattering 
power b from the measured RGB-values. 
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Transformation with N2 from the tristimulus values to chromophore concentrations is thus 
expressed as 

 
HbO

HbR 2

1

.

C
X

C
Y

b
Z

 
   
   =   
    

 

N  (14) 

Once we determine the matrices N1 and N2, images of CHbO, CHbR and b are reconstructed 
without the MCS. The total hemoglobin concentration image is simply calculated as CHbT = 
CHbO + CHbR and tissue oxygen saturation of hemoglobin as StO2% = (CHbO/CHbT) × 100. 

3. Materials and methods 

3.1 Measurement apparatus 

The instrument developed for the RGB imaging system is illustrated in Fig. 2. A white-light 
emitting diode (LED) (LA-HDF60, Hayashi Watch Works Co., Ltd., Tokyo, Japan) 
illuminated the surface of the exposed rat liver tissue via a light guide and a ring-shaped 
illuminator with a polarizer. The light source covered a range from 400 nm to 780 nm. 
Diffusely reflected light, which contains information of liver tissue optical properties, was 
received by a 24-bit RGB CCD camera (DFK-21BF618.H Imaging source LLC, Charlotte, 
NC, USA) via an analyzer and a camera lens to acquire RGB images of 640 × 480 pixels. The 
ring shaped polarizer and analyzer were placed in a crossed Nicols alignment in order to 
reduce specular reflection of light from the liver surface. A standard white diffuser with 99% 

Zoom lens

RGB CCD camera

Ring-shaped 
illuminator
(White LED)

Analyzer

Ring-shaped 
polarizer

Exposed rat liver

ROI1
ROI2

ROI3

Field of view:
4.22×3.17 mm2 

(640 × 480 pixels)

 

Fig. 2. Schematic illustration of setup for RGB imaging of hepatic hemodynamics. A white 
LED is used to illuminate the exposed rat liver, which is imaged using an RGB CCD camera. 
The computer acquires raw RGB images. 
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reflectance (SRS-99-020, Labsphere Incorporated, New Hampshire, USA) was used to 
regulate the white balance of the camera, to correct instrument-to-instrument differences in 
output of the camera, and to correct the spatial nonuniformity of illumination. The field of 
view of the imaging system was calculated to be 4.22 mm × 3.17 mm from the measurement 
of the 1951 USAF resolution test chart. The number of pixel columns (width) was 640. The 
lateral pixel resolution of the images was estimated to be 4.22/640 = 0.0066 mm. The RGB 
images were then used to estimate the images of CHbO, CHbR, CHbT, StO2, and b according to 
the process described above. 

3.2 Experiments 

Male Wister rats (n = 5) weighing from 300 to 474 g were used for the experiment. All 
experimental procedures were conducted according to the protocols approved by the Animal 
Care Committee of Tokyo University of Agriculture and Technology. Anesthesia of rats was 
performed with α-chloralose (50 mg/kg) and urethane (600 mg/kg) by intraperitoneal 
injection. The rat liver ischemic model is depicted in Fig. 3. On laparotomy, the ligamentous 
attachments from the liver to the diaphragm and abdominal wall were dissected in order to 
mobilize the liver lobes. Hepatic ischemia was induced by clamping the portal triad (the 
hepatic artery, the portal vein, and the bile duct) supplying the median lobes and left lateral 
lobe with no occlusion of caudate lobe. A 10-minute ischemic period was followed by 
reperfusion for a period of 120 minutes. After 120 minutes of reperfusion, an anoxic 
condition was produced by nitrogen breathing. The liver surface was moistened with saline 
and covered with cover glass to prevent evaporation and the influence of the ambient air, and 
to reduce the surface reflection. Imaging was started before induction of ischemia to record 
baseline values and continued during ischemia, reperfusion and post mortem. Measurements 
of RGB color images were performed every 5 sec for a total of 160 min: oxygen breathing for 
5 min, normal air breathing for 5 min, ischemia for 10 min, reperfusion for 120 min, and 
nitrogen breathing for 20 min. 

Portal vein
Hepatic artery
Bile duct
Occlusion

(b) Partial liver ischemia

Imaging area

(c) Imaging area   of 

liver surface

Left lateral lobe

Caudate lobe

Median 
lobe

(a) Normal liver 

Portal vein
Hepatic artery
Bile duct

O2 breathing

Occlusion Reperfusion

0 min 5 min 10 min 20 min 140 min

Normal N2 breathing

160min

Air breathing

i

Post mortem

Respiratory 
arrest

ii iii iv v vi

 

Fig. 3. Illustration of the (a) ventral surface of normal rat liver in which the left lateral and 
median lobes have been retracted to expose the portal vein (blue), hepatic artery (red), and 
common bile duct (yellow). (b) Cross-clamping of portal triad (green) induces ischemia to the 
left lateral and median lobes of the liver. (c) The dorsal surface of the liver lobe is shown as the 
imaging area. 

To evaluate the magnitude of signal S before ischemia, during ischemia, reperfusion, 
nitrogen breathing, and post mortem, the relative change in the signal was calculated based on 
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time series data. The signal measured at the normal condition (the end of the period of air-
breathing) was used as a control Sc, which was subtracted from each of the subsequent signals 
S in the series. Each subtracted value, which demonstrated the change in the signal, S - Sc, 
over time, was normalized by dividing S - Sc by Sc. The relative change in the signal is 
expressed as ΔS = {(S - Sc)/Sc}. The above calculation was applied to the time series of CHbO, 
CHbR, CHbT, StO2, and b. 

3.3 Statistical considerations 

Estimation of CHbO, CHbR, CHbT, StO2, and b in hepatic tissue was performed based on the 
process described above. Regions of interest of 640 × 480 pixels (ROI1, entire image), 150 × 
150 pixels (ROI2, relatively homogeneous region of perfusion), and 150 × 150 pixels (ROI3, 
relatively heterogeneous region of perfusion) were set in each image for the analysis of time 
courses in CHbO, CHbR, CHbT, StO2, and b. Data are expressed as mean ± SD. In order to 
compare whether the mean of estimated value at each experimental condition differ 
significantly from the aggregate mean across the experimental conditions, one-way repeated 
measures ANOVA with Bonfferoni’s correction was performed through statistical analysis 
when comparing the relative change in the signal between the ends of oxygen breathing 
(period i), air-breathing (period ii), ischemia (period iii), reperfusion (period iv), nitrogen-
breathing (period v), and post mortem (period vi). A P value of less than 0.05/4 was 
considered to be statistically significant. 

4. Results 

Figure 4 shows typical in vivo results obtained from liver tissue, including RGB images, 
CHbO, CHbR, CHbT, StO2, and b images before ischemia (oxygen breathing, air breathing), 
during ischemia, reperfusion, nitrogen breathing, and post-mortem respectively. CHbO, CHbR, 
CHbT, and StO2 of the normal liver tissue (oxygen breathing and air breathing state) revealed 
high levels of oxyhemoglobin and tissue oxygen saturation. The large increase in CHbR and 
decreases in CHbO and StO2 typically observed in ischemia are consistent with the changes in 
time courses in StO2 reported in our previous studies [12,24]. Successive images recorded at 
5-min after the onset of reperfusion (t = 25-min) show the spatial changes in CHbO and StO2 
that are indicated by a white arrow on the less perfused portion of the imaged area, which is 
accompanied with scattered hepatic lobular perfusion. Immediately after reperfusion, a slight 
increase in CHbO and StO2 are observed in the imaged area, possibly indicating the gradual 
compensation of hepatic blood flow. In addition, we observed changes in CHbO, CHbR, CHbT, 
and StO2 at 2-min and 5-min after onset of nitrogen breathing (t = 142-min and t = 145-min) 
and found a rapid increase in CHbR and CHbT in post-mortem liver tissue. The image of 
scattering power b acquired at 2-min after onset of nitrogen breathing demonstrated a lower 
value compared to the reperfusion phase, followed by a subsequent increase at 5-min after 
onset of nitrogen breathing (shown in Fig. 11) is indicative of changes in average size of 
scatterers induced by anoxia. The tendency of changes in CHbO, CHbR, CHbT, StO2, and b 
following ischemia, reperfusion and post-mortem shown in Fig. 4 were evident in all five rats. 

Time courses of the changes in CHbO, CHbR, CHbT, and StO2 averaged over the samples and 
over the entire imaged area (region of interest, ROI1), relatively homogeneous region (region 
of interest, ROI2), and relatively heterogeneous region (region of interest, ROI3) indicated in 
Fig. 2 during the period of pre-ischemia (oxygen breathing and air breathing), ischemia, 
reperfusion, nitrogen breathing, and post-mortem are plotted in Figs. 5, 6, and 7, respectively. 
The symbols i, ii, iii, iv, v, and vi in each figure indicate O2-breathing, air-breathing, ischemia 
under air-breathing, reperfusion under air-breathing, N2-breathing, and post-mortem, 
respectively. The relative change in concentrations of CHbO, CHbR, CHbT, and StO2 in ROI1, 
ROI2, and ROI3 at the ends of each period are shown in Figs. 8, 9, and 10, respectively. 

In this study oxyhemoglobin and deoxyhemoglobin concentrations have been used as 
indices of total hemoglobin concentration and tissue oxygenation. From the time series 
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measurements we found that CHbO and CHbR decreased and increased respectively following 
the onset of ischemia, compared to the preischemic levels. Consequently, StO2 decreased, 
thereby reflecting reduced blood flow and oxygen supply to the tissue. The average 
oxyhemoglobin concentration over each period in ROI1 was calculated to be 8.67 ± 0.06 
during oxygen breathing, 8.08 ± 0.19 during air breathing, 4.02 ± 1.07 during ischemia, 6.55 
± 0.92 during post-reperfusion, and 1.33 ± 1.41 at post-mortem. 
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Fig. 4. Typical images of in vivo liver tissue at different measurement time points. Left to 
right: the first column of Fig. 4 shows images at t = 0-min (the beginning of measurement and 
0-min after start of oxygen breathing), the second column shows images at t = 8-min (3-min 
after start of air breathing), the third column shows images at t = 15-min (5-min after the onset 
of ischemia), the fourth column shows images at t = 25-min (5-min after the onset of 
reperfusion), the fifth column shows images at t = 40-min (20-min after the onset of 
reperfusion), the sixth column shows images at t = 110-min (90-min after the onset of 
reperfusion), the seventh column shows images at t = 142-min (2-min after the onset of 
nitrogen breathing), and the eighth column shows images at t = 145-min (5-min after the onset 
of nitrogen breathing). Top to bottom: raw RGB images are shown in the top row with the 
corresponding CHbO, CHbR, CHbT, StO2 and scattering power b images reconstructed from the 
RGB images) under white light illumination shown in the following rows. Successive images 
recorded 5-min post-reperfusion show the spatial changes in CHbO and StO2 that are indicated 
by a white arrow on the less perfused portion of the imaged area, which is accompanied with 
scattered hepatic lobular perfusion. 
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Fig. 5. Typical time courses of average chromophore concentration and tissue oxygen 
saturation averaged over the region of interest (ROI1, entire image) for (a) oxygenated 
hemoglobin CHbO, (b) deoxygenated hemoglobin CHbR, (c) total hemoglobin CHbT, and (d) tissue 
oxygen saturation StO2. Data are expressed as mean ± SD (n = 5). The symbols i, ii, iii, iv, v, 
and vi in each figure indicate O2-breathing, air-breathing, ischemia under air-breathing, 
reperfusion under air-breathing, N2-breathing, and post-mortem, respectively. 
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Fig. 6. Typical time courses of average chromophore concentration and tissue oxygen 
saturation averaged over the region of interest (ROI2, relatively homogeneous region of 
perfusion) for (a) oxygenated hemoglobin CHbO, (b) deoxygenated hemoglobin CHbR, (c) total 
hemoglobin CHbT, and (d) tissue oxygen saturation StO2. Data are expressed as mean ± SD (n = 
5). The symbols i, ii, iii, iv, v, and vi in each figure indicate O2-breathing, air-breathing, 
ischemia under air-breathing, reperfusion under air-breathing, N2-breathing, and post-mortem, 
respectively. 
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Fig. 7. Typical time courses of chromophore concentration and tissue oxygen saturation 
averaged over the region of interest (ROI3, relatively heterogeneous region of perfusion) for (a) 
oxygenated hemoglobin CHbO, (b) deoxygenated hemoglobin CHbR, (c) total hemoglobin CHbT, 
and (d) tissue oxygen saturation StO2. Data are expressed as mean ± SD (n = 5). The symbols i, 
ii, iii, iv, v, and vi in each figure indicate O2-breathing, air-breathing, ischemia under air-
breathing, reperfusion under air-breathing, N2-breathing, and post-mortem, respectively. 
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Fig. 8. The relative change in chromophore concentrations and tissue oxygen saturation (for 
ROI1 shown in Fig. 2) at the ends of each period. (a) Oxygenated hemoglobin CHbO, (b) 
deoxygenated hemoglobin CHbR, (c) total hemoglobin CHbT, and (d) tissue oxygen saturation 
StO2. Data are expressed as mean ± SD (n = 5). *P < 0.05/4. 
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Fig. 9. The relative change in chromophore concentrations and tissue oxygen saturation (for 
ROI2 shown in Fig. 2) at the ends of each period. (a) Oxygenated hemoglobin CHbO, (b) 
deoxygenated hemoglobin CHbR, (c) total hemoglobin CHbT, and (d) tissue oxygen saturation 
StO2. Data are expressed as mean ± SD (n = 5). *P < 0.05/4. 

-3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0

 

Relative change in oxygen saturation ΔStO
2

*

*
*

*
*

*
*

* *
*

Air-breathing

O2-breathing

Ischemia

Reperfusion

N2-breathing

Post-mortem

0.0 0.5 1.0

 

Relative change in total hemoglobin ΔC
HbT

*
*

**
*

*

Air-breathing

O2-breathing

Ischemia

Reperfusion

N2-breathing

Post-mortem

-1 0 1 2 3 4 5 6 7 8

 

Relative change in deoxyhemoglobin ΔC
HbR

*

*
*

*

*
*

*

**
*

*

Air-breathing

O2-breathing

Ischemia

Reperfusion

N2-breathing

Post-mortem

*

-3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0

 

Relative change in oxyhemoglobin ΔC
HbO

*

*
*

*
*

*
*

*

* *
*

*

Air-breathing

O2-breathing

Ischemia

Reperfusion

N2-breathing

Post-mortem

(a) (b)

(c) (d)
 

Fig. 10. The relative change in chromophore concentrations and tissue oxygen saturation (for 
ROI3 shown in Fig. 2) at the ends of each period. (a) Oxygenated hemoglobin CHbO, (b) 
deoxygenated hemoglobin CHbR, (c) total hemoglobin CHbT, and (d) tissue oxygen saturation 
StO2. Data are expressed as mean ± SD (n = 5). *P < 0.05/4. 

Ligation of hepatic pedicle of the median and left lateral lobes resulted in approximately 
70% occlusion or ischemia of the liver [18], as indicated by a rapid decrease of hepatic StO2 
on the initiation of ischemia. Note that the decrease in CHbT found at ischemia is possibly due 
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to hepatic inflow occlusion and maintenance of outflow. Hepatic tissue oxygen saturation 
during oxygen breathing and air breathing (baseline) in ROI1 were estimated to be 74.09 ± 
0.70% and 68.12 ± 1.68%, respectively, which is comparable with or slightly greater than 
hepatic hemoglobin oxygen saturation (57.4% ± 2.5%; n = 7) in rabbits in room air [31]. 
Immediately after reflow of the portal triad, hepatic StO2 showed a remarkably heterogeneous 
distribution with an average of 55.48 ± 8.72% in ROI1 after 120 min of reperfusion. However, 
this did not return to baseline levels, possibly due to ischemia-reperfusion associated hepatic 
dysfunction. 

Average StO2 levels at the end of reperfusion in a relatively homogeneous region of 
interest (ROI2) is recorded to be 60.52 ± 8.99%, which is relatively higher than that recorded 
from the entire imaged area (ROI1). Conversely, hepatic tissue oxygen saturation in a 
relatively heterogeneous region of interest (ROI3) showed lower reperfusion levels in 
comparison to that observed in the entire image (ROI1) and the relatively homogeneous 
region of interest (ROI2) in all five rats. The low hepatic StO2 is possibly associated with 
sinusoidal length heterogeneity in rat liver, creating heterogeneity in hepatic blood flow [32]. 
In contrast, CHbR calculated from ROI1, ROI2 and ROI3 increased significantly during 
ischemia, probably due to tissue extraction of oxygen from hemoglobin, and slowly decreased 
with the time course of reperfusion. It is also interesting to note that immediately after 
respiratory arrest, CHbO decreased and CHbR increased, therefore the value of StO2 dropped 
sharply compared to the reperfusion level. The average period between the onset of nitrogen 
breathing and the occurrence of respiratory arrest was recorded to be 144 ± 70.92 sec. CHbT 
started to increase after the onset of nitrogen breathing and reached a maximum level 
immediately after respiratory arrest, which may be associated with high venous or 
intrahepatic blood pressure during the first few minutes of asphyxia and may persist for hours 
after death [11]. Time courses of CHbO, CHbR, CHbT, and StO2 over the ROIs (depicted in Figs. 
5, 6, and 7) revealed that the hemodynamic response of liver tissue associated with ischemia-
reperfusion is characterized by a significant decrease in CHbO and StO2 at the onset of 
ischemia, compared to pre-ischemic levels. Additionally, subsequent reperfusion resulted in 
gradual increases in CHbO and StO2 with a simultaneous decrease in CHbR compared to 
ischemic levels, which are consistent with the hemodynamic responses of hepatic ischemia-
reperfusion. 
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Fig. 11. Typical time course of scattering power b averaged over the regions of interest (ROI1, 
entire image; ROI2, relatively homogeneous region of perfusion; ROI3, relatively 
heterogeneous region of perfusion). Data are expressed as mean ± SD (n = 5). The symbols i, 
ii, iii, iv, v, and vi in each figure indicate O2-breathing, air-breathing, ischemia under air-
breathing, reperfusion under air-breathing, N2-breathing, and post-mortem, respectively. 
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Fig. 12. The relative change in scattering power b at the ends of each period. (a) Entire imaged 
area (ROI1), (b) relatively homogeneous region (ROI2), and (c) relatively heterogeneous region 
(ROI3). Data are expressed as mean ± SD (n = 5). *P < 0.05/4. 

Changes in the average b over time for the ROIs shown in Fig. 4 are plotted in Fig. 11. 
Mean b for each ROI was significantly decreased during ischemia, which can be explained by 
an increase in the average size of scatterers. The average value of b at reperfusion obtained 
from ROI1 is comparatively higher than that recorded from the relatively heterogeneous ROI3 
(Fig. 12). The maximum level of b was recorded from the relatively homogeneous region of 
interest (ROI2) at the end of reperfusion, indicating less ischemia induced damage occurred in 
ROI2 compared to that occurring in ROI1 and ROI3. After the onset of nitrogen breathing, a 
biphasic change in scattering power was observed, with an initial decrease in b, followed by a 
gradual increase. Observations from the current study indicate that in addition to significant 
changes in CHbO, CHbR, CHbT, and StO2 during hepatic ischemia, Monte Carlo simulation based 
multiple regression analysis demonstrates alterations in scattering power that are consistent 
with ischemia-induced changes in cellular and subcellular structures in hepatic tissue. 

5. Discussion 

In this paper, a model of light transport in tissue is applied to analyze the reflectance spectra 
of hepatic tissue following ischemia-reperfusion and post-mortem using an RGB imaging 
instrument. With the RGB imaging technique, it was possible to obtain images of 
oxyhemoglobin concentration, deoxyhemoglobin concentration, and scattering power. From 
these estimated images of oxyhemoglobin and deoxyhemoglobin concentrations, the images 
of total hemoglobin concentration and tissue oxygen saturation were reconstructed. 

In the present study we examined the hemodynamic responses of rat liver during 
ischemia-reperfusion induced by portal triad occlusion. Here, we have demonstrated that 10 
minutes of hepatic ischemia and 120 minutes of reperfusion are associated with disrupted 
hepatic blood flow with subsequent hemodynamic instability, which results in decreased 
CHbO, CHbT, and StO2 during ischemia and reperfusion compared to baseline levels. We also 
observed that during a 120-min period of reperfusion there was a gradual increase in CHbO and 
StO2 along with a partial recovery of the initially severely depressed hepatic tissue, which is 
compatible with the hypothesis that no sinusoidal reflow occurs during the early stage of 
reperfusion, followed by subsequent reflow [33]. Changes in hepatic microvascular diameter 
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during the early phase of reperfusion appear to be involved in post-ischemic reperfusion 
failure [33]. The major dysfunction of hepatic ischemia is the lack of re-establishment of 
nutritive blood flow, which causes hemoconcentration, including endothelial cell swelling, 
interstitial edema formation, and ultimately alters the microcirculation during reperfusion 
[34]. Microcirculatory dysfunction is characterized by heterogeneous perfusion of liver 
lobules observed during the early phase of reperfusion and involves extravasation of 
erythrocytes, and ultimately petechial bleeding [35]. 

The combination of a diverse architecture, large size, and low pressure gradient in liver 
predisposes the liver to heterogeneous perfusion of the hepatic vascular bed and distribution 
of portal blood to different portion of the liver lobes [36]. Furthermore, small differences in 
hydrostatic pressure could result in large imbalances in the flow of portal blood to different 
parts of the liver, at scales ranging from individual sinusoids to entire liver lobes leading to 
heterogeneity in perfusion [36]. Occlusion of both the hepatic artery and portal vein (Pringle 
maneuver) increased heterogeneity of perfusion compared to perfusion via the portal vein 
only [36] or the hepatic artery only [37]. However, we have not observed perfusion failure in 
entire liver lobules (shown in Fig. 4) following 10 minutes of portal triad occlusion, which is 
in contrast to studies of hepatic microcirculation after a longer period of ischemia (90 min) 
[38] and reperfusion (3 hours) [39]. The longer period of occlusion is characterized by a 
noticeable decrease in densely perfused sinusoids and is associated with an increased number 
of non-perfused liver lobules [39]. Longer periods of ischemia-reperfusion cause 
hepatocellular damage due to acute cellular injury at 3 to 6 hours of post reperfusion, 
including the onset of necrosis and apoptosis [39]. The prolongation of both ischemia and 
reperfusion periods may be the causative factor in the gradual suspension of sinusoids from 
perfusion, also called secondary sinusoidal perfusion failure [36], which ultimately yields a 
total microcirculatory shutdown of entire liver lobules. 

Therefore, measurement of hepatic tissue oxygen saturation during the early phase of 
reperfusion is important to predict the degree of subsequent liver injury. Using RGB imaging 
of rat liver, we have demonstrated that the changes in hemodynamics in liver tissue correlate 
with the decreased CHbO and StO2 along with heterogeneous perfusion of the liver lobule, 
indicating the influence of nutritive perfusion deficiency in the manifestation of ischemia-
reperfusion injury. Our results suggest that a decline in hepatic CHbO and StO2 after 
reperfusion, compared to the baseline level, is presumably involved in the mechanism of 
subsequent hepatocellular damage. 

Furthermore, hepatic StO2 and hepatic energy state could be reliable indicators of 
ischemia-reperfusion liver injury, especially for the diagnosis of early graft rejection 
following liver transplantation. The estimated hepatic tissue oxygen saturation depends 
primarily on hepatic blood flow, oxygen content of the hepatic artery and portal vein, and 
hepatic oxygen consumption [40]. The reduced reperfusion level of StO2 reveals the disparity 
between oxygen supply and oxygen demand, as StO2 is a function of the balance between 
hepatic oxygen supply and oxygen demand in hepatocytes. Moreover, oxygen demand in the 
initial stage of reperfusion was reported to be less than in the pre-ischemic period, due to 
impaired respiratory function of mitochondria in hepatocytes after ischemia-reflow process 
[41], which is indicated by decreased StO2 levels during reperfusion. Decreases in oxygen 
supply and oxygen demand might occur during the initial stage of reperfusion, with the net 
effect resulting in insufficient oxygen supply being the dominant factor contributing to 
decreased CHbO and StO2, which in turn leads to regional liver hypoxia [3]. The disturbances 
in tissue oxygen saturation were simultaneously caused by an increase in CHbR and a decrease 
in CHbO due to hepatic inflow occlusion leading to a decrease in total hemoglobin 
concentration during ischemia. CHbT started to increase on initiation of nitrogen breathing and 
reached its maximal level after respiratory arrest, revealing the occurrence of increased 
intrahepatic blood flow. The decreases in hepatic CHbO, CHbT, and StO2 during ischemia 
observed herein were presumed to be largely due to temporary deterioration of hepatic blood 
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supply, which then recovered gradually on subsequent reflow. With respect to the decreased 
hepatic blood flow, it has been reported that hepatic blood flow during the early stage of 
reperfusion is 30% to 75% of the initial values in an ischemic model [41]. Moreover, 
Clemens et al. [38] reported that the number of perfused sinusoids on the surface of liver 
lobes was decreased after ischemia and reperfusion, which is consistent with our findings that 
CHbO and StO2 remained lower than baseline values after reperfusion. While the exact 
mechanism related to the reduced CHbO remains unclear, involvement of reperfusion injury 
might be responsible. It has been suggested that overproduction of toxic oxygen free radicals, 
followed by endothelial cell damage during reperfusion [42] and cell swelling due to ischemia 
results in altered hepatic blood flow [43]. Several mechanisms are proposed to contribute to 
post-ischemic reperfusion failure, including sinusoidal endothelial cell swelling with luminal 
narrowing, intracellular edema formation, and intravascular hemoconcentration [44]. Certain 
vasoactive substances released during reperfusion may lead to vasoconstriction of sinusoids 
in the liver, which results in microcirculatory disturbances. The microcirculatory alterations 
may induce local hypoxia in liver tissue, thereby resulting in liver damage. On the basis of 
our current findings, we conclude that hepatic hemoglobin concentrations and tissue oxygen 
saturation after initiation of reperfusion represent valuable indicators of later liver damage 
and serve as prognostic factors in clinical situations. 

On the other hand, the significant decrease in scattering power during ischemia and 
immediately after the onset of nitrogen breathing is probably associated with depletion of 
mitochondrial energy production, leading to rounding and swelling of mitochondria, 
dilatation of the endoplasmic reticulum, and formation of plasma membrane protrusions 
called blebs [45]. Short periods of ischemia or anoxia are characterized by a rapid end to bleb 
formation upon reoxygenation [45], whereas hepatocyte vacuolation is more evident at 3-4 
min after death under anoxic conditions [10,11]. 

The optical imaging system (using an RGB color camera) described in this manuscript has 
the ability to enable new insights into the spatiotemporal dynamics of hepatic function during 
ischemia-reperfusion. In addition to large hemodynamic changes in time course, such as those 
that occur during ischemia, the RGB camera can also image spatial changes in hemoglobin 
concentrations and tissue oxygen saturation during reperfusion. Thus, the RGB imaging 
technique may be useful in monitoring the hemodynamic responses of liver tissue resulting 
from the ischemia-reflow process. Multispectral imaging techniques have been widely used 
for extending diffuse reflectance spectroscopy to functional imaging of living biological 
tissues. Multispectral cameras give more spectral resolution than a digital RGB camera. 
Therefore, they could provide better results than with a digital RGB camera. On the other 
hand, a digital RGB camera is promising as a method of rapid and cost-effective imaging, 
which would be advantageous to practical uses in surgical microscope and laparoscope 
systems. 

Since the mathematical analysis in the proposed method shown in Fig. 1 can be applied to 
a digital RGB camera, it will be available to analyze the same biological variables in other 
procedures where ischemia-reperfusion needs to be monitored such as liver plantation models 
[46,47]. We used cross-polarized light to reduce unnecessary specular reflection from the 
surface of liver tissue. Cross-polarized imaging could eliminate not only glare but also 
important information from the superficial region of liver tissue. Using both cross-polarized 
and parallel-polarized imaging could enhance the distribution of biological scatteres and 
morphological changes at the surface of the tissue [48]. We assumed a linear transformation 
to biological parameters from XYZ-values. It may be helpful to apply the matrix N2 with the 
higher order terms of XYZ-values instead of the current linear transformation when there is 
nonlinearity between biological parameters and XYZ-values. Those considerations should be 
investigated in future works. 

Our data regarding the time courses in CHbO, CHbR, CHbT, and StO2 are in good accordance 
with the hemodynamics of liver tissue. The results of spatial and temporal changes in CHbO, 
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CHbR, CHbT, StO2, and b following ischemia and reperfusion demonstrated that our method is 
reliable and reproducible for evaluating hepatic hemodynamic parameters and tissue 
morphology. A notable association is found between the tissue oxygen saturation StO2 
measured using the RGB imaging technique and that measured using a reflectance fiber probe 
based diffuse reflectance spectroscopy [12,24], which supports the value of the RGB imaging 
technique in monitoring hepatic tissue perfusion and oxygenation. 

6. Conclusions 

In summary, we described a method that uses an RGB camera to visualize the hemodynamic 
consequences and tissue morphology of hepatic ischemia-reperfusion in exposed rat liver. By 
illuminating the surface of rat liver with a white LED, and recording the resultant RGB 
images, the images of hemodynamic parameters and scattering power b were reconstructed. 
We studied hepatic hemodynamic responses to ischemia-reperfusion to investigate the time 
course and spatial distribution of chromophore concentrations and tissue oxygenation. Our 
data support the view that hemodynamic changes in rat liver tissue under conditions of 
hepatic inflow occlusion resulted in ischemic changes in liver tissue followed by a subsequent 
recovery during reperfusion. Early reperfusion of liver tissue after 10-min of portal triad 
occlusion is characterized by heterogeneous perfusion of liver lobules with decreased 
oxygenated hemoglobin, whereas prolongation of the reperfusion period to two hours reduced 
the spatial inhomogeneity. The results of hepatic ischemia-reperfusion revealed spatial 
changes in hepatic hemodynamics, an increase in deoxyhemoglobin concentration, decreases 
in oxyhemoglobin concentration and tissue oxygen saturation during ischemia, which 
subsequently recovered on reperfusion. Time courses of changes in CHbO, CHbR, CHbT, and 
StO2 during hepatic inflow occlusion and on subsequent reflow are in agreement with the 
hemodynamic responses of hepatic ischemia-reperfusion. The results demonstrated that our 
imaging method could monitor changes in hemodynamic parameters resulting from hepatic 
inflow occlusion and could reflect the ischemia-reperfusion induced hepatic dysfunction after 
reperfusion. Moreover, time course of scattering power during ischemia-reperfusion and post-
mortem indicate the occurrence of morphological changes in hepatic tissue such as swelling 
of mitochondria and hepatocyte vacuolation. As our method can detect ischemia and 
reperfusion successfully, we believe that simultaneous measurement of spatial and temporal 
changes in CHbO, CHbR, CHbT, StO2, and b has great potential for the diagnosis of tissue 
ischemia and reperfusion. This study shows the potential of RGB imaging to assess hepatic 
hemodynamics and morphological change as an indicator of hepatic tissue viability in liver 
transplantation. 
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